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ABSTRACT

Since many residential locations are unsuitable for solar deploy-

ments due to space constraints, community-owned solar arrayswith

energy storage that are collectively shared by a group of homes

have emerged as a solution. However, such a group-owned system

does not allow individual control over how the electricity genera-

tion from the solar array and energy stored in the battery is used for

optimizing a home’s electricity bill. To overcome this limitation, we

propose vSolar, a technique that virtualizes community solar and

battery arrays such that each virtual system can be independently

controlled, regardless of others. Further, we present mechanisms

and algorithms that allow homes with surplus energy to lend to

homes with deficit energy.
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1 INTRODUCTION

In recent years, the penetration of renewable energy sources such

as solar and wind in the electric grid has continued to grow. Due

to continuous improvement in technology, the costs of deploying

solar arrays have continued to drop, and the levelized cost of energy

is now 12.5¢ per kWh [10], on par or less than traditional energy

sources. This has fueled the growth of solar installations worldwide,

and 70 gigawatts of solar capacity was deployed in 2016 alone [10].

While large-scale solar array deployments continue to grow

rapidly, the majority of solar installations in North America and

Europe continue to be small-scale rooftop systems, primarily in

residential homes. However, not every type of residential building

is a suitable candidate for rooftop installations. Community solar

arrays (CSA) have emerged as a solution to these challenges. CSA

is an array that is collectively owned by a group of individuals and

is deployed in a common location. Each owner leases or purchases

a share of the array and is allocated a certain fraction of the solar

array in proportion to their share.
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As power output of solar arrays is intermittent, community stor-

age systems are used in conjunction with CSA to smooth out fluctu-

ations. A community storage system consists of an array of energy

storage batteries that are collectively owned by a group, with a

fraction of the storage capacity allocated to each owner. While

both community solar and storage are nascent technologies, the

combination of the two opens up new opportunities for increasing

solar penetration and performing various energy optimization.

Community solar and storage systems generate energy for all

owners as a single aggregated system and do not permit individual

control to the users. To overcome this limitation, we argue that

community solar and storage should be virtualized to maximize

its effectiveness. Similar to how virtual machines provide an in-

dividual server abstraction and are multiplexed onto a physical

machine, a virtual solar and battery arrays provide an abstraction

of individually-owned solar and battery arrays that are multiplexed

onto the community-owned physical solar and battery array. Impor-

tantly, virtualization enables each owner to independently manage

their solar generation and stored energy as if it were a dedicated

system. A second key benefit of virtualization of a community-

owned system is that it enables sharing of electricity generated or

stored in batteries by each virtual system. Such energy sharing,

which is not possible in dedicated independently deployed systems,

allows a resident to temporarily borrow electricity from one or

more neighbor’s shares to provide capital and operational savings.

Prior works have discussed the benefits of a shared pool of energy

storage [8, 9] and energy sharing [4, 5, 11]. In our paper, we present

mechanisms to virtualize community solar and storage and also to

enable flexible energy sharing algorithms in such systems.

2 BACKGROUND

A non-virtualized community-owned system does not allow inde-

pendent control of the output in the shared system. Energy output

from the solar and battery is used to meet the aggregate energy

demand across all homes, but doesn’t permit individual owners

to independently utilize their share of energy. On the other hand,

dedicated systems allow independent control but are more expen-

sive and may be infeasible in many residential locations In contrast,

a virtual solar and battery arrays give each owner an illusion of

ownership of the unit. Such local control allows each owner to

make the “optimal” decision on how to utilize their virtual array

and batteries independently of other owners.

Our work assumes a community solar and storage array that is

collectively-owned by a group of residents. Each resident is assumed

to own a certain fraction of the community solar and storage array.

Consequently, the corresponding share of solar output and stored

energy is assigned to each owner. We assume that each community

owner can use their portion of the solar array and battery in any
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3.3 vSolar Energy Sharing Algorithm

vSolar’s virtualization algorithm allows each owner to operate their

virtual solar and battery array independently of others. Since all

virtual arrays are multiplexed onto a common physical array, there

are opportunities for the virtual systems to collaborate with one

another. One form of collaboration is energy sharing where virtual

systems with surplus solar generation or stored energy shares it

with virtual systems that have a deficit. Such sharing further reduces

reliance on the grid, since some or all of the demand of a home is

met from other neighboring virtual systems with surplus capacity.

From a virtualization standpoint, energy sharing relaxes the as-

sumption of strict isolation between virtualized systems. It allows

a virtual solar array or a virtual battery to temporarily increase its

capacity by borrowing from surplus homes. This is analogous to

virtual machines that temporarily use unused physical CPU capac-

ity that is allocated to other virtual machines but not currently used.

To implement energy sharing, vSolar virtual inverters need two

additional virtualization primitives: borrowi (t ) and lendi (source, t ).

These primitives enable a virtual controller to implement any en-

ergy sharing algorithm that is best suited to its needs.

We design the vSolar energy sharing algorithm based on the

vSolar virtualization algorithm described above. Our energy sharing

algorithm is as follows. First, the algorithm determines if the current

home should become a borrower, a lender, or neither, at time t . A

home is a candidate for lending electricity if its virtual solar array

has surplus power that it would have net-metered to the grid. In this

case, all of this surplus power becomes available for lending to other

homes rather than being net-metered. A home is also a candidate for

lending electricity if its virtual battery has a high charge level (above

a high watermark threshold) and is willing to share some of the

stored energy with others. Specifically, if solari (t ) − demandi (t ) −

charдei (t ) > 0 then the home has surplus power it would have

previously net-metered and the virtual controller indicates it is

willing to lend this power:

lendi (solar , t ) = solari (t ) − demandi (t ) − charдei (t ) (9)

Further, if the battery has a high charge level indicated bybatteryi (t ) >

hiдh_threshold and the battery power is not being consumed at the

maximum discharge rate, the surplus can be drawn as follows:

lendi (battery, t ) = min(max_discharдe_rate − discharдei (t ), 0)

(10)

Conversely, a home becomes a candidate for borrowing electric-

ity if it has a deficit that would normally require drawing power

from the grid. In this case, the home can first request surplus power

from other virtual systems, and only request grid power if its deficit

cannot be fully met by other lenders. That is, if demandi (t ) −

solari (t ) − discharдei (t ) > 0 the home has a unmet deficit and

it can make a borrow request as follows:

borrowi (t ) = demandi (t ) − solari (t ) − discharдei (t ) (11)

In all other cases, lendi and borrowi are set to zero. Note that it is

possible for a home to neither be a lender nor a borrower at time

t , a scenario that occurs if it has zero deficit (i.e., has no need to

borrow) but can not lend either since all solar electricity is being

directed to the virtual battery, which itself has a low charge level

(and thus has no solar or batter capacity to lend).

Mapping virtual Sharing Requests onto the Physical System:

Both lendi and borrowi indicate the maximum amount of power

that each virtual controller i wishes to lend or borrow based on its

current generation and demand. The actual amount of power that is

lent or borrowed must then be computed by the physical controller

bymatching borrowers and lenders. To do so, the physical controller

first computes the total borrowing needs as:

borrow (t ) =

N∑

i=1

borrowi (t ) (12)

The solar capacity available for lending is computed as:

lend (solar , t ) =

N∑

i=1

lendi (solar , t ) (13)

If the solar lending capacity lend (solar , t ) exceeds the borrowing

demand borrow (t ), then all of the borrowing needs can be met

from the surplus solar capacity that is available. Each lender can

lend an equal amount to meet the total borrowing need or lend

in proportion to its solar share Si . If the total borrowing demand

exceeds the total solar capacity, any unmet borrowing need can

be lent from stored battery energy that can be lent. The maximum

battery power that can be lent is:

lend (battery, t ) =

N∑

i=1

lendi (battery, t ) (14)

Finally, if the borrowing need is still not satisfied by the lend-

ing solar and battery capacity (i.e., borrow (t ) > lend (solar , t ) +

lend (battery, t )) , the rest must be drawn from the grid.

draw_f rom_дridi (t ) = borrowi (t ) − borrowed_poweri (t ) (15)

Conversely, if all of the borrowing needs are met by surplus solar

energy, any remaining solar can be net metered to the grid:

send_to_дridi (t ) = lendi (solar , t ) − lent_solari (t ) (16)

where send_to_дridi (t ) is zero if there are no surplus solar energy,

and borrowed_poweri (t ) and lent_solari (t ) are amount of power

borrowed or lent by home respectively.

To determine the amount of energy a home can lend requires

predicting future demand and solar output. We build a demand

model using Support Vector Machines (SVM) to predict the elec-

tricity needs of the home for the following day. Separately, we use

the technique discussed in [7] to predict the solar output for the

next day. Combining the future solar output, electricity demands

generated from the model, and using the current battery capacity a

candidate home can estimate the amount of energy to lend from

the virtual battery. Specifically, the surplus energy is defined as

surplus_enerдyi (t ) = max(future_solari (t) + charдei (t )

− future_demandi (t), 0)
(17)

where future_solari (t) and future_demandi (t) are the future pre-

dictions for the next 24 hours. Amount of energy to lend, when

surplus_enerдyi (t ) > 0, is defined as

lendi (battery, t ) = min(surplus_enerдyi (t ),

max_discharдe_ratei − discharдei (t ))
(18)

Our energy sharing algorithm is summarized as a flowchart in

Appendix A.2.






